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React ions wi th in a Three-Dimensional Organic M a t r i x  

The phys i ca l  t ranspor t  o f  chemical reagents i n t o  c ross - l i nked  s o l i d s  such 
as func t i ona l i zed  polymers. i o n  exchange res ins .  o r  coal i s  genera l l y  a slow 
process(1-3). Unl ike reac t i ons  i n  so lu t i on ,  where bu lk  mass t ranspor t  i s  l i m i t i n g  
on ly  fo r  very f a s t  r eac t i ons  such as p ro ton  t r a n s f e r ,  the ra tes  o f  react ions w i t h i n  
organic networks are o f t e n  l i m i t e d  by d i f f u s i o n  through t h e  so lvent  swollen so l i d .  
When coal contacts  a base so lu t i on .  t h e  base d i f f u s e s  i n t o  the  so l i d ,  over t h e  course 
o f  several hours, and reac ts  w i t h  the  a c i d i c  s i t e s  t h a t  a re  present. As a r e s u l t  o f  
t h i s  n e u t r a l i z a t i o n  and the  absorpt ion of  so lvent ,  the coal p h y s i c a l l y  swel ls  t o  a 
greater  volume. Under some cond i t i ons  the volume increase can be on the  order of 
400%. The r a t e  and e x t e n t  o f  t he  swe l l i ng  are h i g h l y  dependent on t h e  nature of the 
swe l l i ng  so lu t i on .  To study t h i s  d i f f u s i o n  process and lea rn  more about the phys ica l  
and chemical i n t e r a c t i o n s  o f  coal w i t h  so lvents  and reagents, we have examined and 
compared the ra tes  and e q u i l i b r i a  o f  coal swe l l i ng  and n e u t r a l i z a t i o n  as a f unc t i on  
of base c a t i o n  size, concentrat ion,  and so lvent .  

Coals are h i g h l y  heterogeneous ma te r ia l s ,  w i t h  complicated three-  
dimensional s t ruc tu res (4 -6 )  t h a t  conta in  en t ra ined  organic  ma te r ia l  known as 
bitumen(7). The c o n n e c t i v i t y ,  conformation, and topology o f  actua l  coal macro- 
molecules are unknown. Connec t i v i t y  r e f e r s  t o  the fundamental atomic connec t i v i t y  
and includes t h e  i d e n t i t y  and quan t i t y  o f  c ross - l i nks ,  the arrangement and t ype  o f  
fused-ring systems, and the  average molecular  weight between c ross - l i nks .  
C o l l e c t i v e l y ,  these fea tu res  comprise what i s  c a l l e d  the  pr imary s t ruc tu re .  The 
conformation o f  coal i s  r e l a t e d  t o  the  noncovalent c ross - l i nks  which. i n  pa r t ,  
mainta in  the  general shape o f  t he  macrostructure. These c ross - l i nks  i nc lude  t h e  
i n t e r -  and in t ramo lecu la r  assoc iat ions i n  the  form of hydrogen bonds(8-11). d ipo le -  
molecule i n t e r a c t i o n s ,  and simple entanglements i n  the s t ruc tu re .  Typ ica l l y ,  low 
rank coals (subbituminous and l i g n i t i c )  are character ized by s i g n i f i c a n t  q u a n t i t i e s  
of phenolic and carboxy l  groups (-4-8 per 100 c a r b o n s ) ( l l ) .  
groups. depending upon t h e i r  p r o x i m i t y  and the  degree o f  c r o s s - l i n k i n g  i n  the  organic 
network, w i l l  a f f e c t  t h e  o v e r a l l  acid-base e q u i l i b r i a  as we l l  as the  degree o f  
swe l l i ng  of t h e  ma te r ia l .  The ion  exchange p roper t i es  o f  such coals i n  aqueous media 
have recen t l y  been discussed(l2.13). 

We have examined a bituminous coal ( I l l i n o i s  No. 6, Table I )  which 
contains only  f i v e  a c i d i c  centers per 100 carbon atoms. 
represented by phenols( 11). Our work has focused p r i m a r i l y  on development o f  
swe l l i ng  as a macroscopic observable that r e l a t e s  the  known chemistry o f  we l l  
character ized i o n  exchange res ins  t o  t h e  chemistry o f  coal. Swe l l i ng  measurements i n  
conjunct ion wi th swo l l en  polymer theo r ies  have been used t o  prov ide i n fo rma t ion  about 
the  macromolecular s t r u c t u r e  o f  bituminous coals  (e.9.. number average molecular 
weight per cross-l ink)(4,14,15). 
although a complicated heterogeneous organic  ma te r ia l ,  possesses regu la r  and 
p red ic tab le  physio-chemical p roper t i es  s i m i l a r  t o  weak ac id  i o n  exchange res ins  
(po l ye lec t ro l y tes ) .  

RESULTS AND DISCUSSION 

The i o n i z a t i o n  o f  these 

Most o f  these s i t e s  a re  

In  general, we have found t h a t  bituminous coal, 

Swel l ing values ( Q  i n  u n i t s  o f  mL/g) were obta ined by mix ing dry, powdered 
c o a l ( l 6 )  w i t h  an approp r ia te  base s o l u t i o n  i n  graduated c e n t r i f u g e  tubes and reading 
the  volume of t h e  s o l i d  a f t e r  cen t r i f uga t ion .  Before conducting an experiment, the 
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coal was exhaust ive ly  ex t rac ted  us ing  p y r i d i n e  t o  remove occluded organic  ma te r ia l  
(25-30%)(17). 
t he  organic matr ix .  
6 coal was t rea ted  w i t h  methanolic s o l u t i o n s  o f  a se r ies  o f  tetra-c-alkylammonium 
hydroxides(R4NOH. R=methyl , n-propyl , n-buty l  , n-hexyl , and n-octy l  ) ,  t h e  
n e u t r a l i z a t i o n  and concomitaTit s w e l l i n g  were foFnd t o  be s t rFng ly  dependent on the  
s i z e  of the ammonium ions. To ob ta in  a convenient and usefu l  c o r r e l a t i o n  of y r  
data, we use an emp i r i ca l  r a t e  der ived by t r e a t i n g  the swe l l i ng  process as a 
order"  approach t o  e q u i l i b r i u m  w i t h  a t y p i c a l  d i f f u s i o n  t ime  dependence. The mass 
t ranspor t  process i s  q u i t e  complex and t h e  t ype  o f  d i f f u s i o n  mechanism opera t i ng  W i l l  
depend not on ly  on p a r t i c l e  shape bu t  a l so  on q 7 5 t i c l e  s i z e  d i s t r i b u t i o n ( l 8 ) .  F igure 
1 shows a p l o t  o f  - l n [ ( & - Q ) / ( e - Q ~ ) ]  versus t 
value and &. i s  the  f i n a l  va lue a f t e r  e q u i l i b r a t i o n .  
a measure o f  t he  s w e l l i n g  r a t e  which was found t o  decrease w i t h  i nc reas ing  base 
c a t i o n  s i z e ( l 9 ) .  
t imes f a s t e r  than w i t h  the  corresponding 1 - o c t y l  s u b s t i t u t e d  cat ion,  a s u r p r i s i n g l y  
l a rge  d i f ference.  

Examination o f  t h e  f i n a l  e q u i l i b r i u m  swe l l i ng  values Q, f o r  t h e  se r ies  
showed a un i form increase w i t h  the  nonsolvated volume o f  t h e  tetra-n-alkylammonium 
ions, ranging from 2.3 t o  43 mL/g(20). This i s  analogous t o  t h e  buTk volume i n -  
creases observed f o r  i o n  exchange res ins  i n  aqueous s o l u t i o n  as a f u n c t i o n  of 
hydrated i o n  volume(21). 
i s  many orders o f  magnitude greater  than the  volume increase ca l cu la ted  f o r  t h e  
absorbed quaternary ammonium ions.  

V f )  x 1001 versus t ime  (min.), f o r  several base so lu t i ons  s tud ied w i t h  t h e  PNE 
component o f  I l l i n o i s  No. 6 coal. The va lue V i s  t he  volume o f  standard a c i d  used t o  
t i t r a t e  an a l i q u o t  removed from the  r e a c t i o n  mixture. The value V was determined by 
t i t r a t i o n  o f  t he  s t a r t i n g  base s o l u t i o n  and the  value Vf i s  t he  cayculated volume f o r  
n e u t r a l i z a t i o n  o f  t h e  t o t a l  number o f  a c i d i c  s i t e s  (phenols and ca rboxy l i c  ac ids)  i n  
t h e  coal based on prev ious a l k y l a t i o n  experiments(9) us ing  i s o t o p i c a l l y  l abe led  
methyl iod ide.  The data are, therefore,  scaled so t h a t  100% represents the  t o t a l  
number o f  a c i d i c  hydrogens per gram o f  coal. By examining the  i n i t i a l  slopes, it can 
be seen t h a t  the 0.25 M n-Bu4NOH/methanol s o l u t i o n  neu t ra l i zes  the  coal about seven 
t imes slower dur ing t h F f i r s t  twenty minutes than e i t h e r  t h e  0.20 M n-Bu4 NOH/THF. 
H20 ( 4 : l )  o r  the 0.25MKOH/methanol so lu t i on .  A t  constant i o n  sizF,-the r a t e  o f  neu- 
t r a l i z a t i o n  i s  greater  f o r  n-Bu4NOH i n  aqueous THF than i n  methanol and i s  apparent ly  
r e l a t e d  t o  the so lvent  sweli-ing p o t e n t i a l .  When the  coal was placed i n  methanol, a 
swe l l i ng  value Q(mL/g) o f  2.3 was obtained w h i l e  aqueous THF l e d  t o  va lue o f  4.0, a 
74% increase i n  volume ( t y p i c a l  swe l l i ng  values f o r  severa l  so lvents  are given i n  
Table 11). The r a t e  o f  n e u t r a l i z a t i o n  was consis tent  w i th  the previous f i n d i n g s  t h a t  
t h e  s i z e  o f  quaternary ammonium ions was i n v e r s e l y  r e l a t e d  t o  the r a t e  of t h e i r  
d i f f u s i o n  i n t o  coal as measured by s w e l l i n g  s tud ies.  We would expect t h a t  potassium 
ions should because o f  t h e i r  small s ize,  d i f f u s e  i n t o  the  coal a t  a f a s t e r  r a t e  than 
t h e  n-Bu4N+'ion. However, a so lvent  m ix tu re  (THF/H20) t h a t  swel ls  t he  organic  ma t r i x  
t o  a g r e a t e r  extent  increases t h e  d i f f u s i o n  r a t e  o f  t h e  tetra-1-butylammonium ions  
i n t o  the  coal t o  a p o i n t  where the  order  i s  reversed. 

mechanism(22). We can w r i t e :  

Py r id ine  i s  known t o  d i s r u p t  hydrogen bonds i n  t h e  coal and t o  swel l  
When t h e  p y r i d i n e  nonextractable component (PNE) o f  I l l i n o i s  NO. 

f i r s t  

where QO i s  t h e  i n i t i a l  s w e l l i n g  
The slopes o f  these l i n e s  g i ve  

Swel l ing o f  t he  sample w i t h  tetra-methylammonium hydrox ide was -3.5 

The increase i n  volume o f  t h e  coal upon contact  w i t h  base 

F igure 2 shows a p l o t  o f  t h e  extent  o f  react ion,  expressed as (Vo-V)/(Vo- 

An empir ica l  r e l a t i o n s h i p  (Equation 1) can be used t o  analyze the  d i f f u s i o n  

[ ( Vo-V)/ ( V o - V f )  1 = k t  " 
ln[(Vo-V)/(Vo-Vf)) = Ink + n ( 1 n t )  

I 

t 

The quan t i t i es .  v,vo, and Vf are the  same as described above. The va lue k i s  a 
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constant  and n i s  an unknown exponent t h a t  def ines the  d i f f u s i o n  process (n= 0.5 f o r  
F i c k i a n  d i f f u s i o n ) .  A p l o t  o f  ln[(Vo-V)/(Vo-V )I  versus I n  t gives a s t r a i g h t  l i n e  
w i t h  slope equal t o  n. Least squares treatmen1 of t he  data f o r  0.2 M n-Bu4NOH/THF, 
~~0 and 0.25 M KOH/methanol gave t h e  r e s u l t s  shown i n  Table 111. ThFexponents 0.43 
and 0.46 i n d i c a t e  t h a t  a d i f f u s i o n  l i m i t e d  mechanism i s  operating, t h e  d e t a i l e d  
na tu re  o f  which w i l l  depend upon p a r t i c l e  s i ze  d i s t r i b u t i o n ( l 8 ) .  Base uptake ra tes  
were not measured f o r  t h e  other  tetra-alkylammonium ions. 

The ex ten t  o f  n e u t r a l i z a t i o n  a t  e q u i l i b r i u m  f a l l s  below t h e  t h e o r e t i c a l  
n e u t r a l i z a t i o n  p o i n t  i n  a l l  cases and i s  s t rong ly  dependent on c a t i o n  s i z e  and 
so l ven t  (F igure 2 ). 
f unc t i on  o f  ion rad ius  shows a profound decrease i n  capaci ty  as i o n  s i z e  increases. 
The capaci ty  drops from 1.45 t o  0.41 mmol/g f o r  te t ra-methy l  and te t ra-n-hexy l  
ammonium ions, respec t i ve l y .  The base capaci ty  l e v e l s  o f f  as the s i z e  Ff the  ca t i on  
increases, apparent ly  t o  some constant value independent o f  chain length. A s i m i l a r  
l e v e l i n g  e f f e c t  i s  seen i n  methanol f o r  t h e  ammonium ions, te t ra-E-propy l  through 
te t ra -E -oc ty l .  I n  t h i s  se r ies ,  t h e  change i n  base capaci ty  was small ,  however, over 
t h e  range studied. A decrease i n  base capaci ty  w i t h  i nc reas ing  c a t i o n  s i z e  i s  
t y p i c a l  f o r  c ross - l i nked  polyac ids(23) .  I n  po l ye lec t ro l y tes ,  these t rends a re  
explained by increased cha in  (po lyanion)  p o t e n t i a l s .  As i on  s ize increases, average 
charge separation d i s t a n c e  w i l l  a l s o  increase lead ing  t o  d e s t a b i l i z a t i o n  o f  t he  
macro-ion and lowered i o n i z a t i o n  constants. T i t r a t i o n  s tud ies  of l i n e a r  p o l y a c r y l i c  
ac ids  w i th  quar ternary ammonium bases have demonstrated t h a t  pKa increases w i t h  
c a t i o n  size(24). Ev iden t l y ,  c r o s s - l i n k i n g  l i m i t s  the conformational m o b i l i t y  o f  the 
poly-anion, produces a h ighe r  dens i t y  o f  charges i n  a given volume element, and again 
r a i s e s  the p o t e n t i a l  o f  t h e  macro-ion. 

p o l y e l e c t r o l y t e  charg ing e f f e c t s  as discussed f o r  cross- l inked res ins  i n h i b i t  
d i s s o c i a t i o n  w i t h i n  the  organic  m a t r i x  or, 2) s p e c i f i c  s t r u c t u r a l  features such as i n  
a o-phthal ic  ac id  o r  catechol  l ead  t o  a subs tan t i a l  decrease i n  t h e  i s s o c i a t i o n  

H20)(25). 
po ten t  1 ometric t i t r a t i o n  ( 26). 

observat ion t h a t  t h e  a d d i t i o n  o f  e l e c t r o l y t e s ,  potassium c h l o r i d e  and t e t r a - 1 -  
butylammonium bromide. t o  KOH and n-Bu NOH so lu t i ons ,  respec t i ve l y ,  increases both 
t h e  swe l l i ng  volume and base uptakFdu!ing n e u t r a l i z a t i o n .  Table V I  gives t h e  
e q u i l i b r i u m  s w e l l i n g  values and base capac i t i es  f o r  I l l i n o i s  No. 6 (TNE) coal t rea ted  
w i t h  0.25 M base s o l u t i o n s  i n  methanol and water. Base capaci ty  f o r  an aqueous 
KOH/KCl m iy tu re  increased 36% over a corresponding base s o l u t i o n  con ta in ing  no 
s a l t .  This e f f e c t  was g r e a t l y  augmented f o r  n-Bu4NOH/H20 mixtures where base 
capaci ty  increased from 0.47 t o  1.17 (mmoL/g)-upon t h e  a d d i t i o n  of n-Bu NBr ( f ou r  
f o l d  excess). A s i m i l a r  s a l t  e f f e c t ,  although attenuated, was observed f o r  E- 
Bu4NOH/MeOH so lu t i ons .  
been observed i n  many macromolecular systems (syn the t i c  res ins,  p e c t i c  ac id ,  
etc.)(27-29). 

Nat and K+ are 1.92 and 1.89 (mrnol/g), respec t i ve l y ,  and e s s e n t i a l l y  the same, a 
s i g n i f i c a n t  increase i n  bu l k  swe l l i ng  i s  observed fo r  Na' (4.5 versus 3.8 mL/g). 
Th is  i s  cons is tent  w i t h  a greater  so lvated volume f o r  Na' than K+ ions. 
Solvat ion number f o r  Na' i n  methanol i s  known t o  be g rea te r  than t h a t  f o r  K'(30). 
The increased s w e l l i n g  a t  constant  capaci ty  may i n d i c a t e  t h a t  sodium i s  we l l  solvated 
i n  t h e  coal. 

Examination o f  t h e  quar ternary ammonium ion  data i n  water as a 

I n  coal, two explanat ions are poss ib le  f o r  incomplete n e u t r a l i z a t i o n :  1) 

coi istant f o r  a second deprotonat ion (0 -ph tha l i c  ac id ;  kl/k2=3.3 x 10 1 a t  25OC i n  
The l a t t e r  exp lana t ion  has-been proposed based on evidence obtained from 

Also cons is ten t  w i t h  a p o l y e l e c t r o l y t e  model f o r  bituminous coal i s  the 

Such s a l t  e f f e c t s  are expected f o r  p o l y e l e c t r o l y t e s  and have 

It i s  i n t e r e s t i n g  t o  note tha t ,  although the  measured base capac i t i es  f o r  

The 

Table I V  a l so  g ives f i n a l  swe l l i ng  values Q- (mL/g) and base capac i t i es  
(mmoL/g) f o r  0.25 1 potassium and te t ra -1 -bu ty l  ammonium hydroxides as we l l  as 0.125 
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, 
- M te t ra-n-hexy l  ammonium hydrox ide i n  var ious solvents. For 0.25 M KOH, MeOH leads 
t o  a 67%-increase i n  swe l l i ng  over t h a t  observed f o r  H20 and the  bzse capac i t y  
increases by 35%. This general t r e n d  , where b e t t e r  coal  s w e l l i n g  so l ven ts  lead t o  
increased swe l l i ng  and base uptake capaci ty ,  p e r s i s t s  f o r  the t h r e e  bases examined. 
Presumbably, a phys i ca l  increase i n  t h e  spacing o f  i on i zed  groups v i a  s t r e t c h i n g  of 
t he  cross- l inked coal m a t r i x  ( t h i s  could be a conformat ional  change i n  t h e  
macromolecular s t r u c t u r e )  a l lows a g rea te r  base uptake. It must be noted, however. 
t h a t  changes i n  t h e  d i e l e c t r i c  o f  t he  medium w i t h  d i f f e r e n t  so lvents  may a c t  t o  
s t a b i l i z e  the  polyanion d i r e c t l y  r a t h e r  than v i a  so lvent-coal  swel l ing.  

Examination of hu l k  swe l l i ng  versus t ime  curves f o r  severa l  concentrat ions 
of tetra-n-butylammonium hydroxide i n  methanol revealed an unusual e f f e c t .  Although 
t h e  equi lTbr ium swe l l i ng  values increased w i t h  base concentrat ion,  an i nve rse  
dependence was observed w i t h  respect  t o  i n i t i a l  swe l l i ng  r a t e  (est imated from the  
i n i t i a l  slopes). The swe l l i ng  r a t e  f o r  t h e  0.251?_solut ion i s  about s i x  t imes 
greater  than the  r a t e  observed f o r  t he  1.0 M so lu t i on .  
i nvo l ves  osmotic pressure e f fec ts (31 ) .  SinFe the  absorpt ion o f  i o n s  i n t o  the organic  
m a t r i x  i s  slow compared t o  the  r a t e  o f  so lvent  uptake, t h e  swollen coal p a r t i c l e s  
apparently behave as if enclosed i n  a semipermeable membrane. 
i o n i c  s t reng th  "deswell" t he  coal o r  l i m i t  the amount o f  so lvent  t h a t  can be absorbed 
i n t o  the c ross - l i nked  ma t r i x .  S im i la r  deswel l ing has been observed f o r  weak a c i d  
ion-exchange res ins(24) .  
when excess e l e c t r o l y t e  i s  added t o  a 0.25 M s o l u t i o n  o f  tetra-n-butylammonium 
hydroxide; although a cross over i n  s w e l l i n g  value i s  observed Tt long t imes which 
leads t o  a subs tan t i a l  increase f o r  t he  s o l u t i o n  o f  h igher  i o n i c  s t rength.  

component o f  I l l i n o i s  No. 6 coal i s  presented. 
extent  versus t ime f o r  n e u t r a l i z a t i o n  and swe l l i ng  w i t h  0.25 M potassium and te t ra -E -  
butylammonium hydroxides i n  methanol. 
extent  o f  swe l l i ng  f o r  tetra-n-butylammonium hydroxide i n  methanol appears l ess  than, 
o r  equal to ,  t he  s w e l l i n g  obsrrved i n  KOH/methanol so lu t i on ,  these curves have been 
normalized t o  t h e i r  own f i n a l  s ta tes.  A t  equal concentrat ions, t h e  te t ra -n -  
butylammonium hydroxide s o l u t i o n  swel ls  coal t o  a much greater  ex ten t  (4.8-mL/g) than 
potassium hydrox ide (3.9 mL/g). This i s  a greater  than 20% increase i n  t h e  bulk  
swel l ing,  even though fewer s i t e s  have been reacted. With potassium hydroxide, t h e  
degree o f  swe l l i ng  o f  t h e  ma t r i x  i s  d i r e c t l y  co r re la ted  w i t h  n e u t r a l i z a t i o n .  An 
incremental increase i n  base uptake leads t o  a corresponding increase i n  t h e  ex- 
pansion o f  t he  organic  matr ix .  Th is  i s  no t  the case, however, f o r  t e t r a - n -  
butylammonium hydroxide. A t  a g iven t ime  the  ex ten t  o f  s w e l l i n g  i s  g rea tF r  than the  
extent  o f  n e u t r a l i z a t i o n .  W i th in  one hour r a p i d  s w e l l i n g  o f  t h e  coa l  occurs ( 70% o f  
&. wh i le  on l y  h a l f  o f  t h e  access ib le  a c i d i c  s i t e s  are neu t ra l i zed ) .  
quaternary ammonium ions apparent ly  ac t  as a wedge i n  t h e  organic s t r u c t u r e  and must 
l ead  t o  conformational changes i n  the m a t r i x  t h a t  do not  occur w i t h  the sma l le r  
potassium ion. 
t he  hydrogen bonded, a c i d i c  groups, t he  h i g h l y  a1 i p h a t i c  character  o f  t h e  t e t r a - n -  
butylammonium ions  may lead t o  s t rong  hydrophobic in teract ions(32-34)  t h a t  i n f l uence  
l o c a l  s t ruc tu re .  Such hydrophobic i n t e r a c t i o n s  would no t  be expected f rom solvated 
potassium ions and should be minimized i f  the  a c i d i c  s i t e s  were un i fo rm ly  dispersed 
throughout the the  cross- l inked s t ruc tu re .  S i m i l a r  speculat ions have been made 
regard ing the s t r u c t u r e  of g lobu la r  prote ins(35) .  

One poss ib le  exp lan t i on  

Solut ions of h igh  

A d ramat i ca l l y  decreased r a t e  o f  s w e l l i n g  i s  a l s o  observed 

I n  F igure 3. a comparison between s w e l l i n g  and n e u t r a l i z a t i o n  o f  t he  (TNE) 
The f i g u r e  shows a p l o t  o f  r e a c t i o n  

It i s  important t o  n o t F  t h a t ,  a l though the  

The l a r g e  

If h y d r o p h i l i c  reg ions e x i s t  i n  t h e  coal, which con ta in  c l u s t e r s  o f  

CONCLUSION 

The physio-chemical behavior o f  bituminous coal w i t h  base and s a l t  mix tures 
has been shown t o  be i n  accord w i t h  a simple p o l y e l e c t r o l y t e  model, de r i ved  from more 
regu la r  polymeric m a t e r i a l s  ( f unc t i ona l i zed ,  c ross - l i nked  res ins) .  Bulk s w e l l i n g  
measurements i n  con junc t i on  w i t h  chemical probes have prov ided use fu l  i n fo rma t ion  
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about n e u t r a l i z a t i o n  r a t e s  and e q u i l i b r i a .  
heterogeneous, organic  so l i ds ,  such as coal, i s  needed f o r  the c o n t r o l l e d  processing 
o f  f o s s i l  fue ls  and more genera l l y  f o r  the c o n t r o l  o f  reac t i on  chemistry w i t h i n  
so lvent  swollen, t h ree  dimensional organic  matr ices.  

The understanding o f  these p roper t i es  f o r  

EXPERIMENTAL SECTION 

Mate r ia l s .  The p y r i d i n e  and te t rahyd ro fu ran  nonextractable component of 
I l l i n o i s  do. 6 coal ,  a h i g h - v o l a t i l e  C, bi tuminous rank coal, was used i n  the s tud ies 
described. Solvent f r a c t i o n a t e d  coal was prepared us ing  a Soxhlet e x t r a c t i o n  
apparatus. The coal was ex t rac ted  with p y r i d i n e  u n t i l  t h e  s o l u t i o n  f i l t e r i n g  through 
t h e  ex t rac t i on  th imb le  was c l e a r  (-four days), then with d i s t i l l e d  te t rahydrofuran 
(-one day). Dry ing o f  t h e  sample was accompli.shed us ing  a vacuum oven (1-5 to r r . )  a t  
105-110°C f o r  a minimum o f  twenty- four  hours. I n  some cases t h e  coal was pre-dr ied 
i n  a f r i t t e d  funnel t o  remove most o f  t he  organic  so lvent  under a stream o f  n i t rogen  
before the f i n a l  d ry ing  step. A l l  so lvents  used were reagent grade and were no t  
f u r t h e r  p u r i f i e d  be fo re  use unless otherwise spec i f i ed .  
bromide (99%) was ob ta ined  from A l d r i c h  Chemical Company and t h r  t e t r a - n -  
a1 kylammonium hydrox ides were obtained from Southwestern A n a l y t i c a l  CheFical, Inc. 
(Austin, Texas). 

Tetra-n-butylammonium 

Swel l ing Measurements. I n  a t y p i c a l  swe l l i ng  experiment, a 15 mL graduated 
screwtop c e n t t i f u g e a t .  No. 45166) was charged w i t h  1.0 grams of dry, 
f rac t i ona ted  coal  and 14  mL o f  the appropr ia te swe l l i ng  so lu t i on (36 ) .  The tube was 
sealed immediately u s i n g  a Te f lon - l i ned  cap, taped t o  prevent so lvent  l oss  due t o  
evaporation, and shaken a t  room temperature (24OC) a t  a r a t e  of about 170 cyc les per 
minute using an Ederbach Corporat ion sample shaker (Model No. 6000) equipped w i t h  a 
u t i l i t y  c a r r i e r  t r a y  (Model No. 5865). When shaking was begun, the  t ime  was noted; 
t h i s  was taken as t fo r  k i n e t i c  runs. 
from t h e  shaker pe r?od ica l l y ,  t he  t ime was recorded. and the samples were centr i fuged 
a t  2800 rpm (25 cm r o t o r ,  -2200 G’s) f o r  f i v e  minutes us ing  a Sorva l l  Instruments RC- 
38 r e f r i g e r a t e d  c e n t r i f u g e  a t  24’C. The tubes were removed, b r i e f l y  shaken t o  
d is lodge any s o l i d  m a t e r i a l  adhering t o  the upper po r t i ons  of t he  tube, and spun down 
again a t  2800 rpm f o r  another f i v e  minutes. The samples were removed from t h e  
centr i fuge,  and the volume o f  s o l i d  was measured by v i sua l  i nspec t i on  o f  the 
c a l i b r a t e d  tubes. I n  some samples, darkening o f  the l i q u i d  l a y e r  and uneven s e t t l i n g  
of the coal d u r i n g  c e n t r i f u g a t i o n  l e d  t o  small u n c e r t a i n t i e s  i n  volume readings. 
Using repeat measurements, maximal e r r o r s  were estimated t o  be f 0.1 mL. When the 
volume measurements were completed, t h e  tubes were shaken v igorous ly  by hand t o  break 
up the s o l i d  p l u g  o f  coa l  produced by c e n t r i f u g a t i o n  and placed back i n t o  the shaker 
t o  resume the  k i n e t i c  run. Swe l l i ng  volumes were recorded us ing  the method described 
above u n t i l  t hey  were constant  a t  long reac t i on  t imes. Equ i l i b r i um swe l l i ng  values 
were obtained i n  a s i m i l a r  f ash ion  a f t e r  a t o t a l  shaking t ime  o f  two weeks. 
e l im ina te  e r r o r s  i n  s w e l l i n g  measurements due t o  d i f f e rences  i n  p a r t i c l e  s i z e  from 
one experiment t o  the  nex t ,  a l l  samples compared were obta ined from t h e  same batch of 
we1 1 -mi xed coal  - 

During the experiment. tubes were removed 

To 

Neutral i r a t i o n  Rate and Base Capacity Measurements. A t y p i c a l  n e u t r a l i z a t i o n  study 
was ca r r i ed  out  i n  the manner descr ibed below f o r  M F  f r a c t i o n a t e d  coal .  A l l  
experiments were conducted a t  ambient temperature (24OC). Neu t ra l i za t i on  of the 
THF Nonextiactable Component o f  I l l i n o i s  No. 6 Coal. 
bottomed f lask was equipped w i t h  a magnetic s t i r r i n g  bar  and charged w i t h  4.00 grams 
of THF inso lub le  I l l i n o i s  No. 6 coal. The s o l i d  coal was s t i r r e d  and 55.0 mL of 0.26 
- M KOH ( 1  equ iva len t  assuming 3.5 meq. o f  a c i d i c  hydrogens per gram o f  c o a l )  i n  
methanol was added i n  one p o r t i o n  rap id l y .  When a d d i t i o n  of t h e  base s o l u t i o n  was 
completed. a t imer  was s t a r t e d  and the  k i n e t i c s  run begun. Dur ing the  course of  the 
n e u t r a l i z a t i o n .  the s o l u t i o n  was maintained under a p o s i t i v e  pressure o f  n i t rogen.  
Pe r iod i ca l l y ,  t h e  s l u r r y  was sampled us ing  a l a r g e  bore c a l i b r a t e d  g lass tube and a 
G l a s f i r n  “Pi-Pump” p i p e t t i n g  a id .  A 2 mL a l i q u o t  was removed. Contro l  experiments 

1. 
A 100 m i  single-necked, round 



showed t h a t  t h e  s l u r r y  was we l l  ag i ta ted  and t h a t  equal p o r t i o n s  o f  coal  and so lu t i on  
were removed regardless of the  sampling depth o f  t h e  p ipe t te .  
was f i l t e r e d  us ing  a s in te red  glass. medium f r i t  f i l t r a t i o n  funnel .  
washed w i t h  2 mL o f  methanol and the  f i l t r a t e  was d i l u t e d  w i t h  20 mL of de-ionized, 
degassed water. 
a pH o f  7.0. 
concentrat ion.  F ina l  base concentrat ions i n  the  reac t i on  m i x t u r e  were determined 
a f t e r  twenty-four hours. 2. Base Capacity Measurements. E q u i l i b r i u m  base 
capac i t ies  were measured a f t e r  two weeks by t i t r a t i o n  o f  a known volume a l i q u o t  
removed from t h e  supernatant o f  t h e  cen t r i f uged  swe l l i ng  samples. 
conducted a t  room temperature w i t h  standard ac id  s o l u t i o n  (0.020 fi HCL) us ing  a 
Beckman Potentiograph ( E  536) and a Metrohm (655) Dosimat. 

The removed a l i q u o t  
The Coal was 

The aqueous methanol s o l u t i o n  was then t i t r a t e d  w i t h  0.020 E HCL t o  
Blank t i t r a t i o n s ,  w i thout  coal ,  were done t o  determine t h e  i n i t i a l  base 

The t i t r a t i o n  was 
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TABLE I 
Typica l  Analys is  f o r  Raw, Perdeuteromethylated, 

and Solvent Ext racted I l l i n o i s  No. 6 Coal 

1983. D e p a r t m e n t  of E n e r g y ,  P i t t s b u r g h  E n e r g y  T e c h n o l o g y  C e n t e r .  Contract NO. 
DE-FG22-80PC3022. 

PNE - RAW - 
68.4 64.9 

5.2 4.8 

1.3 1.2 
0.01 0.01 

1.3 1.7 

3.1 3.6 

4.4 5.3 
9.4 13.7 

14.4 17.2 

11.2 16.3 
10.8 9.1 

PE 

77.8 
5.8 

1.4 

- 

- 

3.2 

3.2 

11.8 

PNE-CD3 

65.5 
4.0 
2.4 

- 

TNE-CD3 

66.9 
4.4 
1.7 

RAW-CD3 

69.5 
4.8 
1.8 
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I C 

H i 

Od 
N 

S 

0 

CO3 Groupse 

I 

Empir ica l  Formula on Cleo Basis 

100.0 100 .o 100.0 100.0 100.0 100.0 

91.8 89.1 89.2 73.0 79.6 82.2 

22.1 15.3 15.4 

1.6 1.6 1.5 

1.7 2.1 1.5 - 
11.8 10.5 11.4 - 

- 

- 7.4 5.1 5.1 

a PNE = py r id ine  nonextractable component, PE = p y r i d i n e  ex t rac t ,  and TNE = THF 

b 46 p y r i t i c  s u l f u r  

c 

d by combustion/mass spec t ra l  analys is  

e 

I 
nonextractable component 

MM = mineral mat ter  ca l cu la ted  as 1.13 (ash) + 0.47 ( p y r i t i c  S) 

a l k y l a t i o n  procedure taken from References 9 and 11 

TABLE I 1  
Solvent Swe l l i ng  Values f o r  t h e  Py r id ine  Nonextractable 

Component o f  I l l i n o i s  No. 6 Coal 

Sol vent 

HZO 1.8 

MeOH 2.3 

THF 3.6 

THF/H20 (3 : l  by volume) 4.0 

Pyri d ine  4.5 

TABLE 111 
Least Squares Treatment (Eq. 1) o f  N e u t r a l i z a t i o n  Data f o r  t he  
Tetrahydrofuran Nonextractable Component o f  I l l i n o i s  No. 6 Coal 

Concentrat ion (MJ Solvent n k r2 - - - -  Base 

n-BuqNOH 0.20 THF/H20 0.43 1.9 0.97 - 
KOH 0.25 MeOH 0.46 2.1 0.99 
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Base 
(0.25 I?) 

KOH 

KOH 

KOH 

- n-Bu4NOH 

- n-BuqNOH 

- n-Bu4NOH 

- n-BuqNOH 

- n -Bu4NOH 

- n -Hex4NOHC 

- n -Hex4NOHC 

TABLE I V  
Base Capaci t ies and Swel l ing Values Q as a func t i on  o f  Solvent, 

S a l t  Concentrat ion. and Base f o r  t h e  TNE Nonextractable Component 
o f  I l l i n o i s  No. 6 Coal. 

Sol vent 

H20 

H2O 

MeOH 

H20 

H20 

MeOH 

MeOH 

THF/H20( 3: l)a 

H20 

THF/ H20( 3: 1)  a 

S a l t  
(1.0 MJ 

K C l  

- 

- n-Bu4NBr 

- n-BuqNBr 

a By volume 

b Corrected for  p a r t i a l  d i s s o l u t i o n  o f  the sample. 

c 0.125 5 

Q(mL/g) 

2.2 

2.4 

3.8 

2.0 

3.5 

4.8 

5.4 

7.0 

2.1 

5.8 

Base Capacity 
( m o l  / g )  

1.40 

1.90 

1.89 

0.47 

1.17 

1.49 

1.83 

>1.65b 

0.41 

>1.17b 
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